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1.0  SUMMARY 


Gold  nanorods  (GNRs),  due  to  their  unique  optical  &  electronic  properties  are  popular 
candidates  for  novel  nano-based  biomedical  applications.  Unfortunately,  previous  studies  have 
reported  the  potential  for  GNR  cytotoxicity  related  to  the  materials  physicochemical  properties. 
Even  so,  it  is  still  unclear  how  the  physicochemical  properties  of  aspect  ratio  (AR),  surface 
charge  and  surface  chemistry  contribute  to  GNR  cellular  association  and  cytotoxicity.  In  this 
report,  we  showed  that  surface  chemistry  is  primarily  responsible  for  cytotoxicity  and  cellular 
association  of  GNRs.  Results  demonstrated  that  with  the  removal  or  sequestration  of 
cetyltrimethylammonium  bromide  (CTAB)  both  negatively  and  positivity  charged  GNRs  had 
significantly  enhanced  biocompatibility.  In  addition,  when  GNR  deposition  was  accounted  for, 
the  materials  AR  and  primary  surface  charge  had  minimum  overall  impacted  on  cytotoxicity  and 
cellular  association  of  GNRs.  These  findings  identify  surface  chemistry  as  primarily  responsible 
for  cytotoxicity  and  cellular  association  of  GNRs,  enabling  the  development  of  GNRs  with 
enhanced  biocompatibility  for  new  nano-based  biomedical  applications. 
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2.0  INTRODUCTION 


Nanomaterials  hold  the  potential  to  transform  an  unprecedented  range  of  industries  including  the 
medical  diagnostics  and  treatment  of  diseases  (Adlakha-Hutcheon  et  ah,  2009;  Barreto  et  ah, 
2011).  Gold  nanorods  (GNRs),  due  to  their  unique  optical  properties,  have  been  identified  as  a 
strong  candidate  for  many  nano-base  biomedical  applications.  The  optical  properties  of  GNRs 
are  tunable  by  changing  the  aspect  ratio  (AR)  or  surface  chemistry  (Bouhelier  et  ah,  2005).  The 
AR  describes  the  proportional  relationship  between  the  nanomaterial’s  width  and  its  height. 
Depending  on  the  GNR  AR,  a  narrow  range  of  frequencies  of  light  induce  conduction  band 
electron  oscillation  and  this  resonance  is  called  the  surface  plasmon  resonance  (SPR).  For  GNRs, 
it  occurs  in  the  visible  and  near-infrared  of  the  spectrum.  GNRs  with  ARs  of  approximately  3 
and  greater  have  SPRs  in  the  near-infrared  range  where  light  has  minimal  impact  on  living  cells 
(Huang  et  ah,  2006).  In  addition,  by  combining  GNRs  of  differing  ARs,  and  therefore  differing 
near-infrared  SPR  wavelengths,  would  enable  multiplexing  of  a  multitude  of  biomedical 
applications.  (Sepulveda  et  ah,  2009;  Wijaya  et  ah,  2009;  Yu  &  Irudayaraj,  2006).  These  include 
diagnostic  imaging,  photo-therapies,  and  drug/gene  delivery  (Agarwal  et  ah,  2011;  Nagesha  et 
ah,  2007;  Pandey  et  al.,  2013;  Pissuwan  et  ah,  2008).  Unfortunately,  many  studies  have  reported 
GNR  cytotoxicity  preventing  the  implementation  of  new  GNR-based  biomedical  applications. 

Physicochemical  properties  (size,  shape,  aspect  ratio,  charge  and  surface  chemistry)  of  GNRs 
have  all  been  suggested  to  influence  both  cellular  uptake  and  cytotoxicity  of  these  materials 
(Goodman  et  al.,  2004;  Grabinski  et  al.,  2011;  Schaeublin  et  al.,  2011).  Even  so,  there  exists 
considerable  uncertainty  as  these  and  previous  studies  failed  to  comprehensively  control  for  the 
physicochemical  properties  of  GNRs. 

2.1  Objective 

The  aim  of  this  study  is  to  detennine  how  GNR  AR  and  surface  charge  affects  GNR  cellular 
association  and  cytotoxicity,  in  vitro.  This  will  be  evaluated  by  comparing  different  ARs 
(approximately  1,  2,  and  3)  of  a  negatively  charged  sets  of  GNRs  to  a  positively  charged  sets  of 
GNRs,  (Tannic  acid  (TA)  coated  cetyltrimethylammonium  bromide  (CTAB-TA))  GNRs  and 
(1 1-mercaptoundecyl  trimethylammonium  bromide  (MTAB))  GNRs.  It  is  hypothesized  that  by 
manipulating  GNR  aspect  ratio,  surface  charge  and  chemistry  we  can  enhance  their 
biocompatibility  while  maintaining  their  cellular  uptake. 
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3.0  METHODS 


3.1  Synthesis  of  GNRs 

MTAB  GNRs  (MTAB-1,  MTAB-3  and  MTAB-3)  were  purchased  from  Nanopartz  (Loveland, 
CO,  USA).  All  other  GNRs  (CTAB,  CTAB-TA-1,  CTAB-TA-1,  CTAB-TA-3,  CTAB-TA  and 
PEG)  were  synthesized  according  to  a  modified  seed  mediated  procedure  reported  by  Park  and 
Vaia  (  2008).  Briefly,  a  seed  solution  of  CTAB  (0.1  M)  and  chlorauric  acid  (0.1  M)  was 
combined  at  room  temperature  with  a  growth  solution  of  CTAB  (0.1  M),  chlorauric  acid  (0.1  M) 
silver  nitrate  (0.1  M)  ascorbic  acid  (0.1  M).  The  CTAB  was  purchased  from  GFS  chemicals 
(Powell,  OH,  USA).  The  chloroauric  acid,  ascorbic  acid,  silver  nitrate,  sodium  borohydride, 
sodium  Chloride,  MOPS  buffer  and  tannic  acid  were  obtained  from  Sigma  Aldrich  (St  Louis, 
MO,  USA). 

3.2  PEG  functionalization  of  GNRs 

CTAB  GNRs  were  functionalized  with  PEG  as  previously  reported  (Untener  et  ah,  2013)  with 
modifications.  Briefly,  the  GNRs  were  functionalized  overnight  with  1  mM  thiol  PEG  (Nanocs, 
Boston,  MA)  two  times  (MW  20000  followed  by  MW  5000)  to  displace  the  surface  bound 
CTAB  molecules.  The  GNR  samples  were  centrifuged  at  8,000g  and  the  supernatant  was 
removed  and  replaced  with  sterile  water  to  remove  residual  free  CTAB. 


3.3  TA  functionalization  of  GNRs 

Method  1:  was  used  for  the  functionalization  of  CTAB-TA-1,  CTAB-TA-2  and  CTAB-TA-3 
GNRs.  CTAB  GNRs  were  functionalized  with  TA  as  previously  reported  (Untener  et  ah,  2013) 
with  modifications.  Briefly,  the  GNRs  were  functionalized  overnight  with  1  mM  TA  three  times 
to  overcoat  the  surface  bound  CTAB  molecules.  The  GNR  samples  were  centrifuged  at  8,000g 
and  the  supernatant  was  removed  and  replaced  with  sterile  water  to  remove  residual  free  CTAB 
and  TA. 

Method  2:  was  used  for  the  functionalization  of  TAG  GNRs.  CTAB  GNRs  were  functionalized 
with  TA  according  to  a  modified  procedure  reported  by  Ejima  et  al.  (2013)  stepwise  with  TA 
(24mM),  and  MOPS  buffer  (100  mM,  pH  7.4)  with  vortexing  after  each  addition.  The  GNR 
samples  were  then  centrifuged  at  3,000g  and  the  supernatant  was  removed  and  replaced  with 
sterile  water  to  remove  residual  TA.  The  MOPS  buffer  and  tannic  acid  were  obtained  from 
Sigma  Aldrich  (St  Louis,  MO,  USA). 

3.4  Characterization  of  GNRs 

GNR  characterization  was  performed  to  determine  their  key  physicochemical  properties  and  to 
verify  particle  uniformity  prior  to  experiments.  The  purity  and  spectral  signature  of  the  GNRs 
were  analyzed  before  use  with  UV-Vis  spectrometry  on  a  Bio  TEK  Synergy  HT  (Winooski,  VT, 
USA)  instrument.  For  evaluation  of  rod  size  and  morphology,  nanoparticles  in  solution  were 
placed  onto  a  Formvar  carbon  coated  copper  TEM  grid  (Electron  Microscopy  Sciences,  Hatfield, 
PA,  USA)  and  dried.  They  were  imaged  with  transmission  electron  microscopy  (TEM)  using  a 
Hitachi  H-7600  with  an  accelerating  voltage  of  120  kV.  To  assess  the  surface  charge  of  the 
GNRs,  zeta  potential  measurements  were  taken  using  laser  Doppler  electrophoresis  on  a  Malvern 
Zetasizer,  Nano-ZS.  Agglomerate  sizes  of  the  GNRs  in  media  were  detennined  through  dynamic 
light  scattering  (DLS),  also  on  a  Malvern  Zetasizer  (Malvern  Instruments,  MA,  USA). 
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3.5  Cell  culture  conditions 

The  A549  human  lung,  cell  line  (American  Type  Culture  Collection  (ATCC),  Manassas,  VA, 
USA)  and  HepG2  human  livercell  line  (ATCC,  Manassas,  VA,  USA)  were  maintained  in  RPMI 
1640  cell  culture  media  (Life  Technologies,  Grand  Island,  NY,  USA)  supplemented  with  10% 
fetal  bovine  serum  (Hyclone,  Logan,  UT,  USA)  and  1%  penicillin  streptomycin.  Cells  were 
maintained  in  a  humidified  incubator  controlled  at  37  °C  and  5%  CO2.  The  same  media 
composition  was  used  for  all  GNR  exposure  procedures. 

3.6  Cellular  viability  assessment 

A549  human  lung  cell  viability  was  evaluated  using  the  CellTiter  96  Aqueous  One  Solution 
(MTS)  (Promega,  Madison,  WI,  USA)  which  monitors  mitochondrial  function  and  MultiTox- 
Glo  Assay  (LCDC)  (Promega,  Madison,  WI,  USA),  which  sequentially  measures  two  protease 
activities;  one  is  a  marker  of  cell  viability,  and  the  other  is  a  marker  of  cytotoxicity.  Cells  were 
seeded  into  a  96-well  plate  at  a  concentration  of  2  x  103  cells/well  and  the  following  day  treated 
with  the  stated  GNR  conditions.  After  exposure  period,  the  cells  viability  was  determined  in 
accordance  with  the  manufacturer’s  protocol.  Result  represents  three  independent  trials  with  the 
average  ±  the  standard  error  reported. 

3.7  ROS  assay 

The  intracellular  generation  of  reactive  oxygen  species  (ROS)  after  GNR  exposure  was  evaluated 
using  CM-H2DCFDA  (  Life  Technologies,  Grand  Island,  NY,  USA)  Technologies,  Grand 
Island,  NY)  which  is  based  on  intracellular  esterases  and  oxidation  that  yields  a  fluorescent 
product  that  is  trapped  inside  the  cell.  Cells  were  seeded  into  a  96-well  plate  at  a  concentration  of 
2  x  103  cells  per  well  and  the  following  day  treated  with  the  stated  GNR  conditions.  After  1  h,  6 
h,  and  24  h  the  intracellular  ROS  generation  was  detennined  in  accordance  with  the 
manufacturer’s  protocol.  Result  represents  three  independent  trials  with  the  average  ±  the 
standard  error  reported. 

3.8  Quantification  of  cellular  uptake  of  GNRs  by  ICP-MS 

A  total  of  1  x105  cells/well  were  seeded  on  12mm  diameter  glass  slides  in  a  24-well  plate  and 
dosed  with  5  pg/mL  GNRs  for  24  h.  The  cell  samples  were  then  washed  three  times  with  warm 
PBS  (with  the  exception  of  the  deposition  study  samples)  and  digested  with  an  aqueous  solution 
containing  0.05%  Triton  X-100,  3%  HC1,  and  1%  HNO3.  The  intracellular  gold  concentration 
was  detennined  through  inductively  coupled  plasma  mass  spectrometry  (ICP-MS)  on  a  Perkin- 
Elmer  ICP-MS  300D  instrument  (Santa  Clara,  CA).  ICP-MS  was  conducted  in  standard  mode 
with  20  sweeps  per  reading,  at  one  reading  per  replicate,  and  three  replicates  per  sample  with  a 
dwell  time  of  100  ms.  A  calibration  curve  was  obtained  using  four  gold  standard  solutions  and 
the  addition  of  an  internal  standard  was  done  to  ensure  that  no  interferences  were  occurring. 
Results  represented  three  independent  trials  with  the  average  ±  the  standard  error  reported. 

3.9  Brightfield  and  darkfield  microscopy 

A549  human  lung  cells  were  seeded  at  1.25  x  105  cells  per  chamber  on  a  2-well  chambered  slide 
and  grown  for  24  h.  The  following  day  the  cells  were  dosed  with  10  pg/mL  GNRs  for  24  h.  After 
24  h,  the  cells  were  fixed  with  4%  parafonnaldehyde  and  incubated  with  Alexa  Fluor  555- 
phalloidin  for  actin  staining  and  DAPI  for  nuclear  staining  (Life  Technologies,  Grand  Island, 
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NY).  The  slides  were  then  sealed  and  imaged  using  a  CytoViva  150  ultra  resolution  attachment 
on  an  Olympus  BX41  microscope  (Aetos  Technologies,  Opelika,  AL).  All  experiments  were 
performed  at  minimum  three  times.  Care  was  taken  to  ensure  full  evaluation  of  each  slide  for 
well  represented  images. 

3.10  Transmission  electron  microscopy 

A549  human  lung  cells  were  seeded  in  a  6-well  plate  at  6  x  105  cells/well  for  24  h  then  exposed 
to  the  stated  GNRs  concentration  (5  and  20  pg/mL)  and  washed  three  times  with  wann  PBS.  The 
cells  then  fixed  overnight  in  2%  paraformaldehyde  and  2%  glutaraldehyde  after  indicated 
duration  (24  h,  4  days  or  8  days).  The  cells  were  then  stained  with  1%  osmium  tetroxide, 
washed,  and  subsequently  dehydrated  with  ethanol  dilutions  ranging  from  50  to  100%.  The  cells 
were  then  embedded  in  LR  White  resin  and  cured  overnight  at  60  °C  under  a  vacuum,  after 
which  the  samples  were  sectioned  using  a  Leica  EM  UC7  Ultramicrotome.  Cell  sections  of  70 
mn  in  thickness  were  placed  on  a  Formvar  carbon  coated  copper  TEM  grid  (Electron  Microscopy 
Sciences,  Hatfield,  PA)  and  were  imaged.  Transmission  electron  microscopy  (TEM)  was 
performed  using  a  Hitachi  H-7600  with  an  accelerating  voltage  of  120kV.  All  experiments  were 
perfonned  at  minimum  three  times.  Care  was  taken  to  ensure  full  evaluation  of  each  sectioned 
sample  for  well  represented  images. 

3.11  Statistical  analysis 

All  experimental  results  represent  a  minimum  of  three  independent  trials  unless  otherwise  stated. 
Data  are  expressed  as  the  mean  ±  the  standard  error  of  the  mean  (SEM).  Statistical  calculations 
were  performed  using  SAS  (Version  9.1)  or  GraphPad  Prism  (version  5.02,  GraphPad  Software 
Inc.  La  Jolla,  CA,  USA)  to  detennine  statistical  significance  at  p  values  of  <0.05  (*),  <0.01  (**) 

,  or  <0.001  (***). 


4.0  RESULTS  AND  DISCUSSION 
4.1  GNR  characterization 

GNR  characterization  was  performed  to  determine  their  key  physicochemical  properties  and  to 
verify  particle  uniformity  prior  to  experiments.  ARs  of  1,  2,  and  3  were  selected  to  detennine  the 
role  of  AR  on  cytotoxicity  and  cellular  association/uptake  in  study.  The  GNRs  had  a  diameter  of 
23  ±  0.76  mn  on  average,  with  the  exception  for  the  AR  1  CTAB  TA  coated  GNRs  (CTAB-TA- 
1)  that  had  a  diameter  of  9  ±  0.9  mn.  AR  2  GNRs  had  a  length  of  48  ±  1 .0  mn  on  average  and 
AR  3  GNRs  had  a  length  of  65  ±  4.0  mn  on  average.  TEM  images  demonstrated  that  GNR  sets 
were  unifonn  in  size  and  morphology  (Figure  1  and  Table  1).  UV-Vis  analysis  confirmed 
predicted  SPR  peaks  based  on  calculated  AR  (Figure  1 J)  (Jun  et  al.,  2008).  AR  3  GNRs  had  an 
average  SPR  peak  of  700.3  ±  5.0,  mn  which  falls  in  the  NIR  “water  window”  region,  making  the 
GNRs  candidates  for  biomedical  applications.  To  detennine  GNR  surface  charge,  zeta  potential 
analysis  was  performed  on  each  particle  (Table  1).  Zeta  potential  analysis  measures  the  velocity 
a  charged  GNRs  move  in  a  voltage  field  and  can  be  quantified  by  tracking  the  GNRs  as  they 
migrate  in  the  voltage  field.  From  this  analysis,  it  was  shown  that  both  CTAB  and  MTAB  GNRs 
were  positively  charged  as  expected  due  to  the  quaternary  ammonium  cation.  PEG  GNRs 
exhibited  a  neutral  charge,  while  CTAB-TA  GNRs  displayed  a  negative  surface  charge, 
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confirming  that  functionalization  with  PEG  or  TA  was  successful.  Dynamic  light  scattering  was 
used  to  determine  hydrodynamic  size  of  GNR  groupings  after  exposure  to  a  protein  rich 
environment  (culture  media).  Hydrodynamic  size  of  GNRs  in  media  showed  that  TA  coated 
GNRs  were  on  average  larger  than  the  MTAB  GNRs  of  the  same  AR. 
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Wavelength  (nm) 

Figure  1.  GNR  characterization. 

Representative  TEM  images  of  Representative  TEM  images  A.  CTAB-TA-1,  B.  CTAB-TA-2  C. 
CTAB-TA-3  D.  MTAB-1  E.  MTAB-2  F.  MTAB-3  G.  CTAB  H.  CTAB-TA  I.  PEG;  J.  UV-Vis 
absorption  spectra  of  MTAB-1  (dark  red),  MTAB-2  (dark  green),  MTAB-3  (purple),  CTAB 
(red),  TA-3  (blue)  and  PEG  (light  green)  GNRs. 


Table  1.  Characterization  of  GNRs 


Name 

Primary 

Size  (nm) 

Aspect 

Raito 

Surface 

Chemistry 

Surface 

Charge  (mV) 

Hydrodynamic 
Diameter 
in  Media  (nm) 

CTAB-TA-1 

9x9  ±0.9 

1 

CTAB-TA 

-23.4 

93.7  ±1.8 

CTAB-TA-2 

23x49  ±4.9 

2.2 

CTAB-TA 

-31.4 

116.0  ±4.1 

CTAB-TA-3 

23x62  ±6.8 

2.7 

CTAB-TA 

-26.0 

653.0  ±68.9 
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MTAB-1 

25x25  ±1.5 

1 

MTAB 

25.1 

117.4  ±1.1 

MTAB-2 

25x47  ±5.4 

1.9 

MTAB 

35.2 

124.3  ±6.4 

MTAB-3 

25x73  ±2.7 

2.9 

MTAB 

32.8 

182.3  ±3.7 

CTAB 

25x72  ±3.1 

2.9 

CTAB 

37.2 

318.7  ±4.3 

TA-3 

22x60  ±2.1 

2.8 

CTAB-TA 

-19.4 

416.4  ±35.2 

PEG 

19x48  ±2.6 

2.5 

PEG 

2.1 

75.2  ±0.9 

4.2  Cellular  association  of  negatively  charged  GNRs  of  differing  ARs 

Visualization  of  cellular  morphology  and  association  of  CTAB-TA  GNRs  of  differing  ARs  were 
examined  using  brightfield,  darkfield  and  TEM  microscopy  (Figure  2,  3  and  4).  After  24  h 
exposure  to  the  GNRs  (5  pg/mL),  the  cells  were  assisted  by  brightfield  microscopy.  CTAB-TA- 1 
and  CTAB-TA-2  exposed  cells  showed  no  change  in  appearance  when  compared  to  control  cells. 
However,  CTAB-TA-3  exposed  cells  no  longer  appear  confluent  with  possible  changes  in 
cellular  morphology  (Figure  2).  To  confirm  any  changes  in  cellular  morphology  and  to  examine 
GNR  cellular  association,  darkfield  microscopy  was  performed.  Results  demonstrated  that 
CTAB-TA  GNRs  of  all  ARs  interacted  with  A549  cells  and  had  a  high  level  of  cellular 
association.  In  addition,  darkfield  images  revealed  both  CTAB-TA-2  and  CTAB-TA-3  exposed 
cells  displayed  altered  cellular  morphology  compared  to  control  cells  (Figure  3).  Finally,  TEM 
microscopy  was  performed  to  examine  GNR  internalization  and  further  observe  any  changes  in 
cellular  morphology.  TEM  images  showed  the  presence  of  internalized  negatively  charged 
GNRs  of  all  ARs  (Figure  4).  However,  the  GNRs  with  an  AR  greater  than  2  displayed  altered 
cellular  morphology.  CTAB-TA-2  exposed  cells  show  vacuoles  with  a  ribbon  like  structure, 
possibly  lamellar  bodies  (Figure  4B).  Alterations  in  lamellar  bodies  in  A549  human  lung 
epithelial  cells  have  been  reported  as  an  indication  of  pre-cytotoxicity  (Davoren  et  ah,  2007).  In 
addition,  CTAB-TA-3  exposed  cells  displayed  extremely  large  vacuoles  with  a  small  number  of 
GNRs  seen  in  the  cells  and  a  majority  of  the  GNRs  around  the  cells  (Figure  4C  and  black  arrow). 
These  changes  in  cellular  morphology  could  be  an  indication  of  cytotoxicity.  Therefore,  an 
assessment  of  cellular  viability  was  performed. 


so  hi  1 1  4*-  ~  so  nm 

Figure  2.  Negatively  charged  CTAB-TA  GNRs  AR3  alter  A549  cells. 


Representative  brightfield  images  following  CTAB-TA-3  GNR  (5  pg/mL)  exposure.  A.  Control, 
B.  CTAB-3  GNRs.  Results  illustrate  CTAB-TA-3  exposed  cells  no  longer  appear  confluent  with 
possible  changes  in  cellular  morphology. 


Figure  3.  Higher  AR  CTAB-TA  GNRs  alter  A549  morphology. 

Representative  Dark  Held  Images.  Fluorescent  images  following  GNR  exposure  (5  pg/mL)  of 
differing  AR  A.  Control,  B.  CTAB-TA-1,  C.  CTAB-TA-2  and  C.  CTAB-TA-3.  Fluorescent 
images  results  illustrate  the  cellular  association  of  GNMs  and  the  morphology  of  A549  cells. 
CTAB-TA-1  exposure  showed  no  apparent  change  in  morphology  of  A549  cells.  However,  both 
CTAB-TA-2  and  CTAB-TA-3  displayed  altered  cellular  morphology.  A549  cells  underwent 
actin  (red)  and  nuclear  (blue)  staining  with  GNRs  (reflecting  white). 
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Representative  TEM  images  of  A549  cells  after  exposure  to  negatively  charged  GNRs  (5pg/ml) 
for  24h.  A.  CTAB-TA-1  B.  CTAB-TA-2  C-D.  CTAB-TA-3  E.  Control.  Results  demonstrated  the 
presences  of  internalized  negatively  charged  GNRs  of  all  ARs  (1-3).  However,  A549  cells 
display  altered  morphology  after  exposure  to  CTAB-TA-2  and  CTAB-TA-3  GNRs  compared  to 
control. 

4.3  Cytotoxicity  of  negatively  charged  GNRs  of  differing  ARs 

A549,  human  lung  cells  were  exposed  to  GNRs  (10  ug/mL)  for  24  h.  Membrane  integrity  and 
mitochondrial  function  was  detennined  to  assess  the  cytotoxicity  of  the  negatively  charged 
GNRs  of  differing  ARs.  Cells  that  were  exposed  to  CTAB-TA-3  GNRs  showed  a  significant 
decrease  in  cell  viability  (Figure  5)  and  concentration  dependent  cytotoxicity.  As  all  GNRs  tested 
have  a  negative  surface  charge,  the  demonstrated  cytotoxicity  of  the  CTAB-TA-3  GNRs  may  be 
due  to  their  higher  AR  or  surface  chemistry.  To  test  these  possibilities,  the  cytotoxicity  of 
positively  charged  GNRs  of  differing  ARs  was  examined. 


GNRs  (10ug/mL) 


Figure  5.  Cytotoxicity  of  negatively  charged  higher  AR  GNRs. 

A549  human  lung  cells  were  exposed  to  negatively  charged  CTAB-TA  GNRs  of  differing  ARs 
(up  to  10  pg/mL)  for  24  h,  cell  viability  was  assessed  using  A.  LCDC  and  B.  MTS  assays  and 
represented  relative  to  the  control  cells.  C.  Results  showed  CTAB-TA-3  GNRs  significantly 
decrease  cell  viability  after  exposure  to  concentrations  as  low  as  5  pg/mL.  Statistical  significance 
was  detennined  using  a  one  way  ANOVA  with  Dunnett’s  post-hoc  tests. 


11 


4.4  Biocompatibility  of  positively  charged  GNRs  of  differing  ARs 

A549  human  lung  cells  were  exposed  to  GNRs  (10  pg/mL  or  20  pg/mL)  for  24  h.  Next, 
membrane  integrity  and  mitochondrial  function  was  detennined  to  assess  the  cytotoxicity  of  the 
positively  charged  GNRs  of  differing  ARs.  After  exposure  to  MTAB  GNRs  (10  pg/mL),  A549 
cells  showed  no  significant  effects  on  their  cellular  viability  (Figure  6A-B). 

To  confirm  that  MTAB  GNRs  enhanced  biocompatibility,  they  were  evaluated  with  a  second  cell 
line,  HepG2  human  liver  cells.  After  exposure  to  MTAB  GNRs  (10  pg/mL),  HepG2  cells  also 
showed  no  significant  decrease  of  cellular  viability  (Figure  7A-B).  Finally,  A549  cells  were 
exposed  to  MTAB  GNRs  at  four-times  the  cytotoxicity  concentration  of  CTAB-TA-3  GNRs  (20 
pg/mL).  This  again  resulted  in  no  significant  decrease  of  cellular  viability  (Figure  8). 

Next,  cellular  stress  was  examined  by  measuring  changes  in  reactive  oxygen  species  (ROS)  after 
cellular  exposure  to  the  GNRs  as  this  has  been  reported  as  an  indicator  of  GNR  biocompatibility 
(Wang  et  al.,  2011).  The  6  h  time  point  was  chosen  based  on  maximum  ROS  response  before  cell 
death.  A549  and  HepG2  cells  showed  no  significant  increase  in  ROS  levels  after  exposure  to 
MTAB  GNRs  (Figure  6C  and  1C). 

One  possible  explanation  of  the  differences  in  cytotoxicity  may  be  due  to  differences  in  GNR 
cellular  association  and/or  uptake.  To  check  these  possibilities, MTAB  GNR  cellular  association 
by  TEM  and  uptake  by  Inductively  Coupled  Plasma  Mass  Spectrometry  (ICP-MS)  was  tested. 


Figure  6.  Positively  charged  MTAB  GNRs  do  not  decrease  A549  cell  viability. 
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A549  human  lung  cells  were  exposed  to  positively  charged  MTAB  GNRs  of  differing  ARs  (10 
pg/mL)  for  24  h,  cell  viability  was  assessed  using  A.  LCDC  and  B.  MTS  assays  and  represented 
relative  to  the  control  cells.  Results  showed  MTAB  GNRs  do  not  significantly  decrease  cell 
viability.  C.  ROS  assay  demonstrated  no  significant  increase  in  ROS  after  exposure  to  MTAB 
GNRs.  Statistical  significance  was  determined  using  a  one  way  ANOVA  with  Dunnett’s  post- 
hoc  tests. 


A  B 


Figure  7.  Positively  charged  MTAB  GNRs  do  not  decrease  HepG2  cell  viability. 

HepG2  human  liver  cells  were  exposed  to  positively  charged  MTAB  GNRs  of  differing  ARs  (10 
pg/mL)  for  24  h,  cell  viability  was  assessed  using  A.  LCDC  and  B.  MTS  assays  and  represented 
relative  to  the  control  cells.  Results  showed  MTAB  GNRs  do  not  significantly  decrease  cell 
viability.  C.  ROS  assay  demonstrate  no  significant  increase  in  ROS  after  exposure  to  MTAB 
GNRs.  Statistical  significance  was  determined  using  a  one  way  ANOVA  with  Dunnett’s  post- 
hoc  tests. 
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Figure  8.  Biocompatibility  of  positively  charged  MTAB  GNRs. 

A549  human  lung  cell  were  exposed  to  MTAB  GNRs  at  4  times  the  cytotoxic  concentration  of 
CTAB-TA-3  GNRs  (20  pg/mL)  for  24  h,  cell  viability  was  assessed  using  A.  LCDC  and  B.  MTS 
assays  and  represented  relative  to  the  control  cells.  Results  showed  MTAB  GNRs  do  not 
significantly  decrease  cell  viability  regardless  of  AR.  Statistical  significance  was  determined 
using  a  one  way  ANOVA  with  Dunnett’s  post-hoc  tests. 

4.5  Cellular  association  of  positively  charged  GNRs  of  differing  ARs 

TEM  was  used  to  verify  the  presence  of  MTAB  GNRs  (5  ug/m I )  within  the  A549  cells  after  24  h 
exposure.  Results  demonstrated  the  presence  of  the  positively  charged  GNRs  in  the  cells 
regardless  of  their  AR  (Figure  9). 

Quantification  of  cellular  uptake  of  the  MTAB  GNRs  (5  ug/ml)  of  differing  AR  in  A549  and 
HepG2  cells  was  determined  by  ICP-MS.  Results  indicated  that  as  GNR  AR  increased,  so  did 
cellular  uptake.  In  both  A549  and  HepG2  cells  MTAB-1  had  the  lowest  uptake  (3%  and  2%  of 
treatment,  respectively).  MTAB-2  and  MTAB-3  reported  higher  uptake  in  HepG2  cells  (45%  and 
57%  of  treatment,  respectively)  compared  to  A549  cells  (30%  in  A549  and  29%  of  treatment 
respectively).  However,  when  the  differences  in  GNR  deposition  were  accounted  for,  the 
difference  in  %  uptake  was  greatly  reduced  in  both  cell  lines  (Figure  10C-D).  These  findings 
indicated  that  differences  in  GNR  deposition  may  have  a  greater  impact  on  cellular  uptake  than 
their  AR  and  is  in  agreement  with  the  findings  that  sedimentation  rates  and  diffusion  effects 
cellular  uptake  of  GNMs  (Cho  et  al.,  2011). 

Results  showed  that  the  MTAB  GNRs  are  being  taken  up  by  A549  and  HepG2  cells.  This 
indicated  that  the  lack  of  GNR  uptake  was  not  the  reason  for  the  absence  of  cytotoxicity  of 
higher  AR  MTAB  GNRs.  This  further  suggests  that  the  AR  of  the  GNR  is  not  the  cause  of  the 
cytotoxicity.  Another  possible  explanation  could  be  due  to  differences  in  surface  chemistry.  To 
detennine  the  cause  of  the  cytotoxicity  in  the  CTAB-TA-3  GNRs,  the  toxicity  of  free  CTAB  and 
TA  was  evaluated.  Finally,  the  biocompatibility  of  GNRs  of  approximately  the  same  AR  (~AR3) 
with  differing  surface  chemistries  was  evaluated. 


14 


Figure  9.  Positively  charged  MTAB  GNRs  are  internalized  by  A549  cells. 

Representative  TEM  images  of  A549  cells  after  exposure  positively  charged  GNRs  (5pg/ml)  for 
24h.  A.  MTAB-1  B.  MTAB-2  C.  MTAB-3  D.  Control.  Results  demonstrated  the  presence  of 
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internalized  positively  charged  GNRs  of  all  ARs  (1-3),  suggesting  MTAB  GNRs  were  taken  up 
by  A549  cells. 
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Figure  10.  Quantification  of  cellular  uptake  of  positively  charged  GNRs. 

A549  human  lung  cells  were  exposed  to  positively  charged  MTAB  of  differing  ARs  (5  pg/mL) 
for  24  h,  GNR  uptake  was  quantified  using  ICP-MS.  A.  Uptake  in  A549  cells  were  3%  (MTAB- 
1),  30%  (MTAB-2)  and  29%  (MTAB-3)  of  treatment,  respectively.  B.  Uptake  in  HepG2  cells 
were  2%  (MTAB-1),  45%  (MTAB-2)  and  57%  (MTAB-3)  of  treatment,  respectively.  Results 
indicated  on  average  that  the  higher  the  AR,  the  more  GNRs  were  present  in  the  cells.  However, 
when  the  differences  in  GNR  deposition  was  accounted  for,  the  difference  in  %  uptake  was 
greatly  reduced  in  both  cell  lines  C.  A549  cells  74%  (MTAB-1),  95%  (MTAB-2)  and  90% 
(MTAB-3)  D.  HepG2  cells  98%  (MTAB-1),  89%  (MTAB-2)  and  89%  (MTAB-3).  Statistical 
significance  was  determined  using  a  one-way  ANOVA  with  a  Tukey  post-hoc  tests. 


4.6  Evaluation  of  cytotoxicity  related  to  GNR  surface  chemistry 

To  determine  the  cause  of  the  cytotoxicity  seen  in  the  CTAB-TA  GNRs  with  higher  ARs,  the 
cytotoxicity  of  free  CTAB  and  TA  was  tested  (Figure  1 1).  Results  indicated  that  free  TA  only 
demonstrated  a  decrease  in  viability  at  concentrations  above  0. 1  mg/mL,  which  is  greater  than 
the  amount  of  TA  present  with  CTAB-TA  GNRs.  In  contrast,  free  CTAB  significantly  decreased 
A549  viability  at  concentrations  as  low  as  1  pg/mL.  MTAB  GNRs  do  not  have  a  CTAB  present 
on  their  surface  as  the  CTAB-TA  GNRs  do.  As  the  AR  of  the  CTAB-TA  GNR  increases  so  does 
the  amount  of  CTAB  present  on  the  surface  of  the  GNRs.  Results  indicated  that  the  primary 
cause  of  the  cytotoxicity  seen  in  the  CTAB-TA  GNRs  of  higher  AR  may  have  been  caused  by 
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leaking  of  CTAB  from  the  GNRs.  Therefore,  it  may  be  possible  to  reduce  or  eliminate  the 
cytotoxicity  seen  in  the  higher  AR  CTAB-TA  GNRs  with  optimization  of  TA  overcoating  to 
more  completely  sequester  the  CTAB.  To  test  this  supposition,  CTAB  GNRs  were  functionalized 
with  TA  according  to  a  modified  procedure  reported  by  Ejima  et  al.  (2013).  This  modified  TA 
functionalization  procedure  resulted  in  greater  stability  of  the  TA  overcoating  by  raising  and 
stabilizing  the  pH  of  the  suspension.  This  is  because  at  a  pH  of  5  or  less  the  TA  overcoating  can 
disassemble  allowing  the  release  of  CTAB  (Ejima  et  al.,  2013). 

To  evaluate  the  biocompatibility  of  the  new  TA-3  GNRs,  membrane  integrity  and  mitochondrial 
function  using  A549  human  lug  cells  were  evaluated.  In  addition,  these  results  were  compared  to 
other  GNRs  with  ARs  of  approximately  3  with  differing  surface  chemistries  (CTAB,  PEG, 
CTAB-TA-3,  and  MTAB-3).  Results  demonstrated  that  the  new  functionalization  procedure 
enhanced  the  biocompatibility  of  the  TA  coated  CTAB  GNRs  (TA-3;Figure  12).  In  addition, 
results  show  the  higher  AR  positively  charged  GNRs  (MTAB-3),  neutral  GNRs  (PEG)  and 
negatively  charged  GNRs  (TA-3)  all  showed  no  decrease  in  cell  viability.  In  contrast,  both 
positively  charged  CTAB  GNRs  (CTAB)  and  negatively  charged  CTAB-TA-3  displayed 
significant  cytotoxicity.  Results  demonstrated  that  cytotoxicity  was  not  mediated  by  surface 
charge  or  AR.  Instead,  these  findings  further  indicated  that  surface  chemistry  was  the  primary 
driver  of  cytotoxicity  and  that  controlling  and  reducing  or  eliminating  CTAB  was  critical  for 
biocompatibility. 


Figure  11.  Cytotoxicity  of  free  CTAB  and  TA. 

A549  human  lung  cells  were  exposed  to  increasing  concentrations  of  CTAB  and  TA  (0.00001, 
0.000 1 ,  0.00 1 ,  0.0 1 ,  0. 1 ,  1  pm/mL)  in  the  complete  absence  of  GNRs  for  24  h,  cell  viability  was 
assessed  using  MTS  assay.  Free  TA  only  demonstrated  a  decrease  in  A549  viability  at 
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concentrations  greater  than  0.1  mg/mL.  Free  CTAB  significantly  decreased  in  A549  viability  at 
concentrations  as  low  as  1  pg/ml.  Results  indicated  that  the  primary  cause  of  the  cytotoxicity 
observed  with  higher  AR  CTAB-TA  GNRs  may  have  been  caused  by  leaking  of  CTAB  from  the 
GNRs. 


Figure  12.  Surface  chemistry  is  responsible  for  cytotoxicity  of  GNRs. 

A549  cells  were  exposed  to  GNRs  (10  ug/mL)  ~AR3  with  differing  surface  chemistries  for  24  h, 
cell  viability  was  assessed  using  A.  LCDC  B.  MTS  assays  results  demonstrated  the  enhanced 
biocompatibility  of  the  new  TA  coated  GNRs  (TA-3).  In  addition,  results  showed  that  the  higher 
AR  positively  charged  GNRs  (MTAB-3),  neutral  GNRs  (PEG)  and  negatively  charged  GNRs 
(TA-3)  all  show  no  decrease  in  cell  viability.  Statistical  significance  was  detennined  using  a  one 
way  ANOVA  with  Dunnett’s  post-hoc  tests. 


5.0  CONCLUSIONS 

In  this  study,  negatively  and  positivity  charged  GNRs  of  differing  ARs  were  used  to  determine  if 
they  contributed  to  the  cellular  association  and  cytotoxicity  of  GNRs,  in  vitro.  Results 
demonstrated  that  the  removal  or  sequestration  of  CTAB  significantly  enhanced  biocompatibility 
of  the  GNRs  regardless  of  their  surface  charge.  In  addition,  when  GNR  deposition  was  accounted 
for,  the  material’s  AR  and  primary  surface  charge  had  minimum  overall  impact  on  cytotoxicity 
and  cellular  association  of  GNRs.  These  results  are  in  agreement  with  the  recently  published 
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work  by  Wan  et  al.  (2015)  that  also  concluded  that  surface  chemistry,  not  AR,  mediates  the 
biological  toxicity  of  GNRs.  In  their  work  they  evaluated  four  ARs  (1-4)  of  bare  CTAB  GNRs 
and  concluded  that  because  the  bare  CTAB  (AR  1-4)  were  all  cytotoxic,  AR  does  not  mediate 
biological  toxicity.  However,  in  order  for  bare  CTAB  GNRs  to  be  stable  (not  aggregate),  the 
concentration  of  free  CTAB  has  to  be  higher  than  the  critical  micelle  concentration.  The  critical 
micelle  concentration  of  CTAB  is  1  mM  (365.45  1  pg/mL)  when  in  water  and  at  25°C  (Fuguet  et 
al.,  2005;  Quirion  &  Magid,  1986).  In  their  study,  they  failed  to  use  a  supernatant  control  to 
evaluate  the  cytotoxicity  of  the  free  CTAB  in  the  GNR  suspension.  The  cytotoxic  concentration 
of  free  CTAB  was  found  to  be  as  low  as  1  pg/mL  (Figure  1 1)  and  therefore,  the  cytotoxicity 
observed  in  their  study  was  most  likely  due  to  free  CTAB.  This  work  demonstrated  AR  iwas  not 
the  main  cause  of  GNR  induced  cytotoxicity  by  demonstrating  the  biocompatibility  of  three  ARs 
(1-3)  of  MTAB  GNRs  in  two  cell  lines. 

In  conclusion,  this  study  has  detennined  that  a  GNRs  AR  and  primary  surface  charge  had 
minimum  overall  impact  on  cytotoxicity  and  cellular  association  of  GNRs,  and  finds  that  surface 
chemistry  was  the  primary  driver  of  cytotoxicity  and  that  controlling  and  reducing  or  eliminating 
CTAB  is  critical  for  biocompatibility  of  GNRs.  These  findings  pave  the  way  for  the  development 
of  GNRs  with  enhanced  biocompatibility  for  nano-based  bio-medical  applications. 
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